Ozone induces epithelial hyperplasia and mucous cell metaplasia (MCM) in nasal transitional epithelium (NTE) of rats. A transient neutrophil influx accompanies upregulation of mucin messenger RNA (mRNA) before the onset of MCM. The present study was designed to examine the role of neutrophils in ozone-induced epithelial changes in the NTE of rats. Fourteen hours before inhalation exposure, male F344/N rats were injected intraperitoneally with antirat neutrophil antiserum to deplete circulating neutrophils, or were injected with normal (control) serum. Rats were then exposed to 0 ppm (filtered air) or 0.5 ppm ozone (8 h/d) for 1 or 3 d. Maxilloturbinates lined with NTE were analyzed to determine the epithelial labeling index; numeric densities of neutrophils, total epithelial cells, and mucous secretory cells; amount of stored intraepithelial mucosubstances; and steady-state ratMUC-5AC (mucin) mRNA levels. At 2 h after 3 d of exposure, rats treated with antiserum had 90% fewer circulating neutrophils than did rats treated with control serum. Antiserum-treated, ozone-exposed rats had 87% fewer infiltrating neutrophils than did control serumtreated, ozone-exposed rats. At 4 d after 3 d of exposure, antiserum-treated, ozone-exposed rats had 66% less stored intraepithelial mucosubstances and 58% fewer mucous cells in their NTE than did control serum-treated, ozone-exposed rats. Antiserum treatment had no effects on ozone-induced epithelial cell proliferation or mucin mRNA upregulation. The results of this study indicated that ozone-induced MCM was neutrophil-dependent, whereas ozone-induced epithelial cell proliferation and mucin gene upregulation were neutrophil-independent.
Both cellular inflammation and overproduction/hypersecretion of airway mucus are thought to be important factors in the pathogenesis of many obstructive pulmonary disorders, including acute and chronic bronchitis, asthma, cystic fibrosis, and upper respiratory tract disorders such as allergic rhinitis (1) . Similar changes have also been induced in airway mucosa of laboratory animals by inhaled irritants such as sulfur dioxide, cigarette smoke, and bacterial endotoxin (2) (3) (4) .
Ozone, the major oxidant air pollutant in photochemical smog, causes inflammation and tissue damage in human airways, including the nose (5, 6) . We have shown that in F344/N rats, short-term (i.e., days) (7) or long-term (i.e., weeks or months) (8) exposures to high ambient concentrations of ozone (0.5 to 1.0 ppm) induce marked mucous cell metaplasia (MCM), with accompanying increases in stored intraepithelial mucosubstances and numbers of epithelial cells (i.e., epithelial hyperplasia) in nasal airways. These ozone-induced epithelial alterations were restricted to the nasal transitional epithelium (NTE), which is normally devoid of mucous cells, lining the lateral meatus of the proximal aspect of the nasal cavity. A marked and transient neutrophil influx into the NTE preceded the epithelial hyperplasia and MCM induced by repeated ozone exposure (7, 9) . More recently, we also demonstrated that acute ozone exposure results in an increase in the steadystate level of an airway rat-mucin-specific (ratMUC-5AC; rMuc-5AC) messsenger RNA (mRNA) before the onset of the MCM in rat NTE (10) . Moreover, the mucin gene upregulation (a putative molecular predictor of MCM) responsible for this increase, as well as the burst of epithelial DNA synthesis (a marker of epithelial cell injury and proliferation) upon ozone exposure, coincided with the neutrophilic inflammation in the NTE (9, 10) .
Neutrophils have been implicated as a cause of tissue damage in a number of airway inflammatory diseases. Activation of neutrophils results in the release of powerful inflammatory mediators that may damage both cellular and extracellular tissue components and amplify inflammatory responses. The involvement of neutrophils in ozone-induced injury and repair has been investigated in distal airways of several laboratory animal species (11, 12) . However, the role of neutrophils in the pathogenesis of ozone-induced nasal airway lesions in rats has not been investigated.
The present study was designed to test the hypothesis that neutrophilic inflammation plays an important role in ozoneinduced epithelial alterations (i.e., hyperplasia and MCM) and mucin gene upregulation in rat nasal airways. For this purpose, we depleted rats of their circulating neutrophils by using an antirat neutrophil antiserum before repeated, acute ozone exposure. By removing the animals' circulating pool of neutrophils, we were able to examine the contribution of these inflammatory cells to the pathogenesis of ozone-induced proliferative and metaplastic alterations in the NTE. The results of this study provide new insights into the underlying mechanisms of ozone-induced injury, adaptation, and repair of airway epithelium after short-term exposure to ozone.
METHODS

Animals, Neutrophil Depletion, and Exposure
One-hundred twenty male F344/N rats (Harlan Sprague-Dawley, Indianapolis, IN), 10 to 12 wk old, were used in this study. To morphometrically determine the effect of neutrophil depletion on ozoneinduced epithelial proliferation and MCM, we randomly assigned 48 rats to eight experimental groups (n ϭ 6/group). To determine the effect of neutrophil depletion on ozone-induced increases in the steadystate levels of rMuc-5AC, we distributed 72 rats into one of 12 experimental groups (n ϭ 6/group). Rats were housed at two animals per cage in polycarbonate shoebox-type cages with Cell-Sorb Plus bedding (A&W Products, Inc., Cincinnati, OH) and filter caps. Water and food (Tek Lab 1640; Harlan Sprague-Dawley) were available ad libitum. Rats were maintained on a 12-h light/12-h dark cycle beginning at 6:00 A . M . under conditions of controlled temperature (16 to 25 Њ C) and humidity (40 to 70%).
Rats were conditioned in whole-body exposure chambers (HC-1000; Lab Products, Maywood, NJ) supplied with filtered air for 1 d before the start of ozone exposure. The rats were individually housed in rack-mounted stainless-steel wire cages with free access to food and water before exposure. The chamber temperature and relative humidity, as well as the room light setting, were maintained as described earlier.
Fourteen hours before inhalation exposure, the rats were briefly anesthetized with 4% halothane in oxygen, and half of the rats were depleted of circulating neutrophils through an intraperitoneal injection of 1 ml rabbit antirat neutrophil antiserum (Accurate Scientific Corp., Westbury, NY). In normal rats, a single intraperitoneal injection of this antiserum is known to reduce the number of circulating blood neutrophils to less than 1% of normal levels within 12 h, and the depletion persists for up to 5 d after the injection (13) . The antiserum eliminates mature neutrophils from the circulation without damaging cellular precursors in the bone marrow. The antiserum also reduces the number of circulating lymphocytes by approximately 50% for up to 5 d after injection. The remaining rats were injected intraperitoneally with 1 ml of normal rabbit serum (control serum) (Accurate Scientific Corp.).
Control serum-or antiserum-treated rats designated for morphometric analyses were exposed either to 0.5 ppm ozone or to filtered air (0 ppm) for 8 h/d for 3 d. Rats designated for rMuc-5AC mRNA analysis were exposed either to 0.5 ppm ozone or to filtered air for 1, 3, or 7 d. All rats were exposed daily, from 6:00 A . M . to 2:00 P . M ., in inhalation chambers in the Inhalation Toxicology Exposure Laboratory of the University Research Containment Facility at Michigan State University. Although food was removed, animals had free access to water during the exposure. Ozone was generated with an OREC Model O3VI-O ozonizer (Ozone Research and Equipment Corp., Phoenix, AZ), using compressed air (AGA Gas, Lansing, MI) as a source of oxygen. Air for dilution was mixed with ozone and delivered to the chambers through Teflon tubing. The total airflow through the exposure chambers was maintained at approximately 250 L/min (15 chamber air changes per hour). The chamber temperature and relative humidity remained the same as during the animal conditioning period. The chamber ozone concentration was controlled by adjusting the intensity of ultraviolet radiation within the ozonizer, and was monitored throughout the exposure with ozone monitors (Model 1003 AH; Dasibi Environment Corp., Glendale, CA) and recorded with strip chart recorders (Model 0141; Linear Instrument Corp., Reno, NV). The probes for sampling the exposure atmosphere were positioned in the breathing zone of the rats, within the middle cage rack of the HC-1000 chambers. The chamber ozone concentrations for 1 to 3 d of exposure to 0.5 ppm ozone were 0.500 Ϯ 0.008 ppm (mean Ϯ SD). The chamber ozone concentrations during exposures to filtered air were maintained at less than 0.05 ppm.
Blood Collection and Assessment of Circulating Neutrophils
Two hours or 4 d after the third day of exposure, rats were anesthetized through halothane inhalation (4% in oxygen), and approximately 2 ml of blood was drawn from the vena cava or the left ventricle of the heart of each rat to assess the number of circulating neutrophils. Blood was collected in evacuated blood collection tubes (Becton Dickenson, Rutherford, NJ) containing the tripotassium salt of ethylenediaminetetraacetic acid (K 3 ϩ -EDTA). The number of nucleated cells per cubic millimeter of blood was counted with an automated cell counter, (Model 9000; Serono-Baker Diagnostics, Allentown, PA). Differential counts of leukocytes were made by counting 100 nucleated white blood cells (WBC) from blood smears stained with Wright-Giemsa stain (Diff-Quik; Baxter, McGaw Park, IL). The total number of neutrophils per cubic millimeter of blood was determined by multiplying the percent occurrence of neutrophils (i.e., the number of neutrophils per 100 WBC) by the total number of nucleated WBC per cubic millimeter of blood. After the blood had been collected, rats were killed by exsanguination via the abdominal aorta.
Necropsy and Tissue Preparation for Morphometric Analyses
Two hours before being killed, all rats used for morphometric analyses were injected intraperitoneally with 5 Ј -bromo-2-deoxyuridine (BrdU; 50 mg/kg body weight) to label cells undergoing DNA synthesis in the S-phase of the cell cycle. After death, the head of each rat was removed from the carcass, and the nasal airways were flushed retrogradely through the nasopharyngeal orifice with 5 ml of zinc formalin (Anatech, Ltd., Kalamazoo, MI). After removal of the eyes, lower jaw, skin, and musculature from the head, the nasal tissues were stored in a large volume of the same fixative for a minimum of 48 h.
The zinc formalin-fixed nasal tissues were decalcified in 13% formic acid for 4 d, and were then rinsed in tap water for 2 h as previously described (14) . A tissue block was removed from the proximal aspect of the nasal cavity by making two transverse cuts perpendicular to the hard palate. The first cut was made immediately posterior to the upper incisor tooth ( Figure 1A) , and the second cut was made at the level of the incisive papilla. The tissue block was excised and embedded in paraffin, and 5-m-thick sections were cut from the anterior face of the block.
One nasal tissue section from each animal was stained histochemically with hematoxylin and eosin for morphologic identification of epithelial cells. Another tissue section from each animal was stained immunohistochemically with anti-BrdU antibody (Becton Dickinson Immunocytometry Systems, San Jose, CA) to detect BrdU-labeled nuclei (15) , and was counterstained with hematoxylin (Gill 3; Ricca Chemical Co., Arlington, TX). A third tissue section, from the same block, was stained with the Alcian blue (pH 2.5)/periodic acid-Schiff (AB/PAS) sequence to identify acidic and neutral mucosubstances in the surface epithelium.
Morphometry of Neutrophilic Inflammation, Epithelial Cell Numeric Density, and DNA Synthesis
The NTE overlying the maxilloturbinate of each animal was analyzed through computerized image analysis and standard morphometric techniques (16) . Neutrophilic inflammation was determined by quantitating the number of nuclear profiles of neutrophils in the surface epithelium lining the maxilloturbinates (i.e., NTE), and dividing this number by the total length of the basal lamina underlying this epithelium (i.e., intraepithelial neutrophils/per millimeter of basal lamina). Neutrophils were identified by morphologic characteristics that included their size, a darkly stained, multilobed nucleus, and clear cytoplasm with dustlike granules. The length of the basal lamina underlying the surface epithelium was calculated from the contour length of the digitized image of the basal lamina, by using a Power Macintosh 7100⁄66 computer (Apple Computer, Cupertino, CA) and National Institutes of Health (NIH) image analysis software (NIH Image; written by Wayne Rasband at the U.S. NIH and available on the Internet at http://rsb.info.nih.gov/nih-image/). The epithelial cell numeric density (i.e., epithelial nuclei per millimeter of basal lamina) was determined by counting the total number of epithelial nuclear profiles present in the NTE lining the maxilloturbinate and dividing this number by the length of the basal lamina. The epithelial cell labeling index (LI) was determined as an indicator of epithelial cell injury (17) . The number of BrdU-labeled NTE cell nuclei was counted, and was divided by the total number of epithelial cell nuclei and multiplied by 100 to yield the percentage of BrdU-labeled epithelial cell nuclei.
Morphometry of Stored Intraepithelial Mucosubstances and Mucous Cells
To estimate the amount of intraepithelial mucosubstances in NTE lining the maxilloturbinates, we quantified the volume density (Vs) of AB/PAS-stained mucosubstances, using computerized image analysis and standard morphometric techniques. The area covered by AB/ PAS-stained intraepithelial mucosubstances was calculated by the image analysis software program from the automatically circumscribed perimeter of the stained material. The length of the basal lamina underlying the surface epithelium was determined as described earlier.
The volume of stored mucosubstances per unit of surface area of epithelial basal lamina was estimated with the method we had previously described in detail (7), and was expressed as nl/mm 2 basal lamina. The numeric cell densities of mucous cells (epithelial cells containing AB/PAS-stained mucosubstances) lining the maxilloturbinates were also morphometrically determined. Only AB/PAS-positive epithelial cells with a nuclear profile were counted, and the data were expressed as the number of mucous cell nuclei per millimeter of basal lamina.
Necropsy and Microdissection of Tissues for Mucin mRNA Analysis
For rMuc-5AC mRNA analysis, rats exposed to ozone or to filtered air for 1 d were killed immediately after the end of exposure. Rats exposed to ozone or to filtered air for 3 d were killed either immediately or 4 d after the end of exposure. We chose these three time points for rMuc-5AC mRNA analysis on the basis of our previous findings that 1 d of ozone exposure (8 h, 0.5 ppm) induces mucin mRNA upregulation, and that this increased mucin mRNA level persists for 2 d after exposure (10) . The head of each rat was removed as described earlier, and the nasal airways were opened by splitting the nose in a sagittal plane adjacent to the midline. Maxilloturbinates from both nasal passages ( Figure 1A ) were excised by microdissection and immediately homogenized in Tri-Reagent (Molecular Research Center, Cincinnati, OH). The homogenate was snap frozen in liquid nitrogen and stored at Ϫ 80 Њ C until being processed for isolation of total RNA.
Analysis for Mucin mRNA in Nasal Tissues
Total cellular RNA was isolated from the maxilloturbinate homogenate according to the method of Chomczynski and colleagues as outlined in the Tri-Reagent product literature (18) . To avoid DNA contamination, the isolated RNA pellet was resuspended in nuclease-free water and was treated with 10 U of ribonuclease-free deoxyribonuclease I (Boehringer Mannheim GmbH, Mannheim, Germany) in 5 ϫ transcription buffer (Promega, Madison, WI) at 37 Њ C for 30 min. The RNA was extracted sequentially with equal volumes of a phenol/chloroform/isoamyl alcohol mixture (25:24:1 [vol/vol/vol]) and a chloroform/isoamyl alcohol mixture (24:1 [vol/vol]), and was precipitated. The final pellet was washed with 75% ethanol, air dried, and resuspended in nuclease-free water containing ribonuclease inhibitor (rRNasin) (40 U/ 100 l), and the concentration of RNA was determined by measuring absorbance at 260 nm. All RNA samples were stored at Ϫ 80 Њ C.
The RNA was then analyzed to determine the steady-state levels of rMuc-5AC mRNA by quantitating the amount of rMuc-5AC complementary DNA (cDNA) produced by the reverse transcriptionpolymerase chain reaction (RT-PCR). Cyclophilin is an abundant and ubiquitous cellular protein well known as a major intracellular receptor for the immunosuppressant cyclosporin A, and is considered a putative molecular chaperone (19) . Because cyclophilin mRNA expression was similar in all experimental groups, the gene for this housekeeping protein was used as an internal standard in the semiquantitative RT-PCR analysis.
Primers specific for rat rMuc-5AC cDNA and all-species cyclophilin cDNA sequences were synthesized and purified by the Macromolecular Structure Facility at Michigan State University. The sequences of the forward and reverse primers for cyclophilin were: 5 Ј -CTT GTC CAT GGC AAA TGC TG-3 Ј and 5 Ј -GTG ATC TTC TTG CTG GTC TTG-3 Ј , respectively. The sequences of the forward and reverse primers for rMuc-5AC were: 5 Ј -CAT CAT TCC TGT AGC AGT AGT GAG G-3 Ј and 5 Ј -GGT ACC CAG GTC TAC ACC TAC TCC G-3 Ј , respectively. The predicted amplified sizes of the cyclophilin cDNA and rMuc-5AC cDNA products were ‫ف‬ 190 bp and ‫ف‬ 320 bp, respectively.
A 50 ng/ l working solution of each RNA sample was prepared, and 2-l aliquots (100 ng) were reverse transcribed to yield the corresponding cDNAs. Each RT reaction was run in a volume of 20 l, containing 10 ϫ PCR buffer (166 mM [NH 4 ] 2 SO 4 ; 50 mM ␤ -mercaptoethanol; 67 M EDTA; 0.67 M Tris, pH 8.8; and 0.8 mg/ml bovine serum albumin) plus 5 mM of MgCl 2 , 1 mM of each deoxynucleotide triphosphate, 10 U of rRNasin, 125 ng oligo (deoxythymidine) 15 , and 50 U of Moloney murine leukemia virus reverse transcriptase (MMLV-RT; GIBCO BRL, Gaithersburg, MD). A PCR master mix consisting of 10 ϫ PCR buffer, 4 mM MgCl 2 , 6 pmol of each forward and each reverse primer for rMuc-5 mRNA and cyclophilin mRNA, and 1.25 U of Taq DNA polymerase was added to each cDNA sample to produce a final volume of 50 l. The Taq was added after the PCR master mix had been heated to 85 Њ C for 5 min in order to minimize dimerization of the primer. RT-PCR was performed in a Model 9600 Thermocycler (Perkin Elmer, Norwalk, CT), starting with a 3-min incubation at 95 Њ C, followed by a three-step reaction cycle of denaturation at 95 Њ C for 30 s, annealing at 56 Њ C for 1 min, and extension at 72 Њ C for 1 min, for 25 cycles. A final extension step at 72 Њ C for 10 min was included after the final cycle to complete polymerization. The number of cycles was chosen to ensure that amplification of the cyclophilin gene (the most abundant gene in rat nasal epithelium) did not reach a plateau level.
The abundance of mRNA was determined semiquantitatively by densitometric analysis of ethidium bromide-stained agarose gel (3%; Nusieve:agarose ϭ 3:1 [wt/wt]) with the Gel Doc 1000 analysis system (Bio-Rad Laboratories, Inc., Hercules, CA) and Molecular Analyst Software version 2.1 on a Power Macintosh 7100/80 computer. The volume of the rMuc-5AC cDNA band was divided by the volume of the cyclophilin cDNA band. To minimize the variability of analysis, the quantitation for all samples was done at the same time.
Statistical Analyses
All data were expressed as the mean group value Ϯ SEM. The data were log-transformed to make the variances approximately equal for all groups. The data from morphometric analyses were subjected to three-way analysis of variance (ANOVA) to determine the potential effects of inhalation exposure (filtered air or ozone), type of serum injection (control serum or antiserum), and postexposure time (2 h or 4 d) on circulating neutrophils, neutrophil influx, epithelial proliferation, and MCM. The Student-Newman-Keuls method, an all-pairwise multiple comparison procedure, was then used to determine the significant differences in group mean values. The data from rMuc-5AC mRNA analysis were first subjected to three-way ANOVA as described earlier. Only the exposure atmosphere and the type of serum injection were identified as factors contributing to variances in group mean mRNA levels. Therefore, data from similarly exposed and similarly treated experimental groups (e.g., antiserum-treated, air-exposed) in which the animals were killed at different times (i.e., 2 h and 4 d) were combined. The pooled data were then subjected to analysis of contrasts to determine the differences in the mean rMuc-5AC mRNA levels among the combined experimental groups. Statistical analyses were done with a commercial statistical analysis package (SigmaStat; Jandel Scientific Software, San Rafael, CA). The criterion for statistical significance was set at p р 0.05 for all analyses.
RESULTS
Number of Circulating Blood Neutrophils
The intraperitoneal injection of antineutrophil antiserum decreased the numbers of circulating neutrophils to 12% or 6% of those in control serum-treated rats exposed to air or ozone, respectively, at 2 h after 3 d of exposure (i.e., 4 d after antiserum treatment) (Figure 2 ). At 4 d after exposure (i.e., 8 d after antiserum treatment), the number of circulating neutrophils in antiserum-treated, air-exposed rats was not significantly different from that in control serum-treated, air-exposed rats. Similarly, there was no significant difference in the number of circulating neutrophils in antiserum-treated, ozone-exposed rats and antiserum-treated, air-exposed rats. However, there was a slight increase (18%) in the number of circulating neutrophils in antiserum-treated, ozone-exposed rats at this time point as compared with that in control serum-treated, ozoneexposed rats. There were no significant differences in the numbers of circulating neutrophils in air-or ozone-exposed rats treated with control serum at either postexposure time.
Nasal Histopathology
No exposure-related lesions were observed microscopically in the nasal mucosa of rats treated with either control serum or antiserum and exposed to filtered air (0 ppm ozone). The nasal lesions in both antiserum-and control serum-treated rats exposed to 0.5 ppm ozone were restricted to the mucosa containing the NTE that lined the lateral meatus in the proximal nasal cavity.
Two hours after three consecutive days of exposure to 0.5 ppm ozone, the principal features in the NTE of control serum-treated rats were widely scattered mitotic figures and epithelial hyperplasia. These rats had an NTE that was approximately three or four cells thick. In contrast, control serum-treated, air-exposed rats had an NTE that was one or two cells in thickness. Concurrent with the ozone-induced epithelial hyperplasia was a mild inflammatory response in the nasal mucosa that was characterized by endothelial margination of neutrophils in the large-capacitance vessels of the lamina propria and by an influx of neutrophils into both the lamina propria and NTE. These ozone-induced alterations in the NTE were most noticeable in the dorsal and medial aspects of the maxilloturbinate, the lateral ridge of the nasoturbinate, and the dorsal recess of the lateral wall. Rats in the antiserumtreated, ozone-exposed group also had conspicuous mitotic figures and epithelial hyperplasia in their NTE, like those found in control serum-treated, ozone-exposed rats. However, there was no associated inflammatory cell influx in the hyperplastic NTE of antiserum-treated, ozone-exposed rats.
At 4 d after 3 d of ozone exposure, the principal feature in the rats treated with control serum was MCM characterized by copious AB/PAS-stained mucosubstances in the mucous cells in the NTE. The ozone-induced MCM in the NTE was most severe in the dorsal and medial aspects of the maxilloturbinates. Hyperplasia was still evident in the NTE of these rats. In contrast, antiserum-treated, ozone-exposed rats had only a few scattered AB/PAS-stained mucous cells in their hyperplastic NTE. One or two rat(s) in this exposure group had no AB/PASpositive mucous cells in the NTE lining one maxilloturbinate. No intraepithelial neutrophils were evident in the NTE of any of the rats killed 4 d after exposure. Figures 3 and 4 illustrate morphologic similarities and differences in the NTE lining the maxilloturbinates from control serum-treated, air-exposed rats, control serum-treated, ozone-exposed rats, and antiserumtreated, ozone-exposed rats killed at 4 d after exposure. Figure 5 illustrates the number of intraepithelial neutrophils in the NTE at 2 h or 4 d after 3 d of exposure to filtered air or 0.5 Figure 2 . Effect of antiserum treatment on number of circulating blood neutrophils. Bars represent the group mean Ϯ SEM (n ϭ 6/group). *Significantly different from control serum-treated but similarly exposed rats killed at the same time point (2 h or 4 d) after exposure (p р 0.05).
Neutrophilic Inflammationz
# Significantly different from antiserum-treated, air-exposed rats killed at 4 d after exposure (p р 0.05). ppm ozone. At 2 h after exposure, control serum-treated, ozoneexposed rats had significantly more (16 times more) intraepithelial neutrophils in their NTE than did control serum-treated, air-exposed rats. At the same time point, antiserum-treated, ozone-exposed rats had markedly fewer intraepithelial neutrophils (87% fewer) than did control serum-treated, ozoneexposed rats. The numeric density of intraepithelial neutrophils in these rats was, however, still significantly greater (by 3.5-fold) than that of antiserum-treated, air-exposed rats. At 4 d after the last exposure, there was no difference among any of the rats in the numbers of intraepithelial neutrophils, independent of inhalation exposure and type of serum treatment. All air-exposed rats had few neutrophils in their NTE at both postexposure times.
Epithelial Cell Proliferation
Ozone induced significant increases in the NTE cell LI in both control serum-treated and antiserum-treated rats (20-fold and 2.8-fold greater, respectively, than that in corresponding airexposed controls) killed 2 h after 3 d of exposure ( Figure 6 ). There was, however, no significant difference between the NTE cell LI of ozone-exposed rats treated with control serum and those treated with antiserum at this time point. Four days after the end of exposure, the NTE cell LI of the ozone-exposed rats was not significantly different from that of air-exposed control rats (from no to two labeled cells per animal), regardless of the type of serum injected. Antiserum-treated, air-exposed rats killed 2 h after 3 d of exposure had an increased (by sixfold) NTE LI as compared with control serum-treated, airexposed rats.
Two hours after 3 d of exposure, ozone induced a significant (31%) increase in the number of NTE cells in rats treated with control serum, but not in those treated with antiserum, as compared with air-exposed rats treated with same two types of serum (Figure 7) . At 4 d after exposure, ozone-exposed rats treated with either control serum or antiserum had significantly more NTE cells (35% and 31%, respectively) than did air-exposed rats treated with same two types of serum. There was no significant difference in the number of NTE cells in airexposed rats killed 2 h after 3 d of exposure and at 4 d after exposure, regardless of the type of serum injected.
Mucous Cell Metaplasia
At 4 d after exposure, control serum-treated, ozone-exposed rats had significantly more intraepithelially stored mucosubstances (100-fold) and mucous cells (18-fold) in their NTE than did control serum-treated, air-exposed rats (Figures 8 Figure 4 . Light photomicrographs of maxilloturbinates from rats treated with control serum and killed 4 d after 3 d of 0-ppm ozone (filtered air) exposure (A), and from rats treated with control serum (B) or with antiserum (C) and killed 4 d after 3 d of 0.5-ppm ozone exposure. Tissues were stained with AB/PAS to detect acidic and neutral mucosubstances. Arrowheads ϭ basal lamina between epithelium and lamina propria; arrows ϭ AB/PAS-stained mucosubstances; e ϭ epithelium (NTE); TB ϭ turbinate bone; v ϭ blood vessel. Figure 5 . Effect of antiserum treatment on number of intraepithelial neutrophils in NTE. Bars represent group mean Ϯ SEM (n ϭ 6/group). *Significantly different from control serum-treated, ozone-exposed rats killed 2 h after exposure (p р 0.05).
# Significantly different from airexposed rats injected with the same type of serum (control serum or antiserum) and killed at the same time (2 h or 4 d) after exposure (p р 0.05). Figure 6 . Effect of antiserum treatment on BrdU LI (%) in NTE. Bars represent group mean Ϯ SEM (n ϭ 6/group). *Significantly different from control serum-treated, air-exposed rats killed 2 h after exposure (p р 0.05).
# Significantly different from air-exposed rats injected with the same type of serum (control serum or antiserum) and killed 2 h after exposure (p р 0.05). and 9). Antiserum-treated, ozone-exposed rats had 66% less intraepithelial mucosubstances and 58% fewer mucous cells in their NTE than did control serum-treated, ozone-exposed rats killed at the same postexposure time. Nevertheless, the antiserum-treated, ozone-exposed rats had significantly more intraepithelial mucosubstances (35-fold) and mucous cells (7-fold) in their NTE than did antiserum-treated, air-exposed rats. Air-exposed rats injected with either control serum or antiserum had few mucous cells and little intraepithelial mucosubstances in their NTE. At 2 h after 3 d of exposure, little stored intraepithelial mucosubstances and few mucous cells were detected in any experimental group.
rMuc-5AC mRNA Expression
Ozone exposure induced a significant increase in the steadystate levels of rMuc-5AC mRNA in both control serumtreated (141%) and antiserum-treated (58%) rats, as compared with air-exposed control rats treated with the same two types of serum ( Figure 10 ). Air-exposed rats treated with antiserum had twofold greater rMuc-5AC mRNA levels than did air-exposed rats treated with control serum.
DISCUSSION
The results of the present study indicate that ozone-induced MCM is in part neutrophil-dependent, whereas the ozone-induced epithelial proliferation (i.e., epithelial DNA synthesis # Significantly different from air-exposed rats injected with the same type of serum (control serum or antiserum) and killed 4 d after exposure (p р 0.05). and hyperplasia) and increase in mucin-specific (rMuc-5AC) mRNA levels in the NTE of rats are independent of the ozone-induced neutrophilic influx into the NTE. To the best of our knowledge, this is the first report of the contribution of neutrophils to ozone-induced nasal epithelial alterations in the NTE of rats. Treatment with antineutrophil antiserum depleted the circulating pool of neutrophils and markedly attenuated the ozone-induced neutrophil influx into the NTE ‫ف(‬ 90% fewer neutrophils than in control serum-treated, ozone-exposed rats) by 2 h after 3 d of exposure. At 4 d after exposure, antiserum-treated animals had 60 to 70% less ozone-induced MCM than did ozone-exposed rats treated with control serum. On the other hand, the antiserum-treated, ozone-exposed animals had a similar magnitude of epithelial cell proliferation to that observed in control serum-treated, ozone-exposed animals killed at the same postexposure time. Additionally, ozone exposure induced a similar increase in rMuc-5AC mRNA in both control serum-and antiserum-treated rats.
The possible involvement of neutrophilic inflammation in the pathogenesis of ozone-induced MCM has been investigated in recent studies in our laboratory by attenuating or augmenting the inflammatory response in the nasal airways of ozone-exposed rats. In one of these studies, rats repeatedly exposed to ozone (0.5 ppm for 8 h/d for 3 or 5 d) and concurrently treated with a topical steroid (fluticasone propionate; 50 g/rat, given twice daily intranasal instillation) had significantly less neutrophilic inflammation and markedly attenuated MCM in the NTE than did rats exposed to ozone but given intranasally instilled saline only (20) . In another recent study, we exposed rats to ozone (0.5 ppm for 8 h/d for 3 d) and then intranasally instilled them with a potent proinflammatory agent (bacterial endotoxin; 100 g/d for two consecutive days) before the appearance of MCM. Ozone-exposed rats instilled with endotoxin had markedly enhanced MCM in their NTE as compared with ozone-exposed, saline-instilled rats (21) . The results of these studies, like the results of the present study, suggest that neutrophilic inflammation may play a crucial role in the pathogenesis of MCM in the NTE of ozone-exposed rats.
Previous studies in distal airways of rodents have also addressed a causative relationship between neutrophil accumulation and abnormal increases in mucous cells. In one such study, instillation of supernatant from either lysed purified neutrophils or activated neutrophils into the trachea of rats (22) resulted in an increase (50 to 300% above controls) in the number of mucous goblet cells in the tracheobronchial epithelium. The MCM or mucous cell hyperplasia induced by the neutrophil-conditioned supernatant was inhibited by the antiinflammatory glucocorticoid dexamethasone (22) . In another study, antiinflammatory drugs were shown to inhibit the MCM or mucous cell hyperplasia induced by cigarette smoke, which induces neutrophilic inflammation in pulmonary airways of rats (23) . Even though these previous studies suggest that inflammation is an important factor in the development of MCM or mucous cell hyperplasia in rodent airways, little is known about the underlying mechanisms by which neutrophils contribute to the abnormal proliferation or differentiation of airway mucous cells.
Neutrophils are a primary source of inflammatory mediators. Proteases derived from neutrophils (i.e., cathepsin G, elastase) are well-known mucous secretagogues in airway epithelial cells (24) . Intraairway instillation of neutrophil elastase induces MCM in hamster airways (24) . Elastase inhibitors (e.g., chloromethyl ketone, eglin C), as well as dexamethasone, have been shown to prevent the MCM or mucous cell hyperplasia induced by neutrophil elastase (22, 25) . Janoff and associates (26, 27) have suggested that abnormal, cigarette smoke-induced increases of mucous cells in rat pulmonary airways may be due to an inactivation of endogenous antiproteases (e.g., ␣ 1 -antitrypsin), resulting in enhanced proteolytic activity in pulmonary airways. These findings suggest that neutrophil-derived proteases may play an important role in the pathogenesis of airway mucous overproduction and chronic obstructive airway disorders.
In addition to producing proteases, neutrophils release several inflammatory cytokines, including tumor necrosis factor-(TNF)-␣ and interleukin (IL)-6, that can stimulate other airway resident cells to release various inflammatory mediators. Recent investigations have focused on the role of inflammatory cytokines in abnormal airway mucous responses. In vitro studies have shown that IL-1␤, TNF-␣, and IL-6 can cause mucin hypersecretion and/or mucin gene upregulation in airway epithelial cells (28) (29) (30) . Transgenic mice overexpressing IL-5 (31) or IL-4 (32) have MCM or mucin hypersecretion in tracheobronchial and pulmonary airways. Furthermore, inflammatory cytokines have been found in the bronchoalveolar fluid or nasal airway tissues of humans exposed to ozone (5, 6) . It has been suggested that certain ozone-inducible cytokines, such as IL-6, may mediate cellular reparative responses in ozone-injured rat pulmonary airways by attenuating initial injury and inflammation (33) . Future studies are needed to determine the role of inflammatory cytokines and other soluble mediators derived from neutrophils in the pathogenesis of ozone-induced MCM in the NTE of rats.
In the present study, we also examined the role of neutrophils in ozone-induced proliferative responses in the NTE. Our findings suggest that neutrophils do not play a role in ozone-induced epithelial proliferation. We made similar observations in previous studies, in which the magnitude of ozone-induced epithelial proliferation was unaffected by the severity of concurrent inflammation in the NTE (20, 21) . Pino and coworkers have shown that ozone-induced epithelial injury in pulmonary airways of rats is mediated mainly by direct ozone toxicity rather than by neutrophils (11) . It may be that ozone-induced premetaplastic epithelial responses, cell necrosis, and subsequent compensatory proliferation are mediated by neutrophil-independent mechanisms in the NTE.
In addition, the present study was designed to determine the involvement of neutrophilic inflammation in the ozoneinduced increase in mucin (rMuc-5AC) mRNA levels, a potential early molecular indicator of subsequent MCM in the NTE. The results of the study do not support our hypothesis that neutrophils contribute to the observed ozone-induced increase in the mucin mRNA level in the NTE. Several investigators have shown that irritant-induced MCM in airway epithelium, with accompanying increases in mucin mRNA expression, is modulated at the transcriptional and/or posttranscriptional levels (2, 34, 35) . In addition, some inflammatory mediators have been found to induce mucin gene upregulation as well as mucous overproduction in airway epithelial cells (32) . Nevertheless, our present results suggest that in the absence of concurrent neutrophilic inflammation, the upregulation of mucin mRNA is insufficient for the full phenotypic development of ozone-induced MCM. It seems likely that the most critical event in the pathogenesis of ozone-induced MCM is either the translation or posttranslational processing of the apomucin core protein in the NTE, which may be neutrophil-dependent. Interestingly, antiserum treatment induced a twofold increase in rMuc-5AC mRNA levels in air-exposed control rats over the levels we observed in control serum-treated, air-exposed rats. We do not know the reason for this, but it is clear that ozone exposure resulted in an increase in rMuc-5AC mRNA (58%) beyond that with air exposure in antiserum-treated rats.
Although neutrophil depletion did markedly attenuate the subsequent development of ozone-induced MCM in the NTE of rats, it did not completely eliminate it. This observation suggests that although neutrophilic inflammation plays a major role in the development of MCM, neutrophil-independent mechanisms may also contribute to the ozone-induced MCM in rat NTE.
